A set of thirteen BOPHY dyes is studied through a hybrid TD-DFT-SOS-CIS(D) approach accounting for solvent effects, in order to shed light onto the structure-property relationships of these recently developed chromophores. In a first step, we calculate the absorption fluorescence crossing points with refined TD-DFT models considering the influences of both vibrational and
2 solvent contributions. We found that the systematic overestimation of the 0-0 energies is effectively reduced by combining PCM-TD-DFT with a scaled opposite spin-configuration interaction singles with a double correction [SOS-CIS(D)]. Next, for a representative system, the vibrationally resolved spectrum within the harmonic approximation is computed on the basis of TD-DFT vibrational signatures and an excellent match with experiment is found. Finally, the influence of different lateral groups on the spectroscopic properties is rationalized by investigating charge transfer parameters and examining electronic density difference maps. It is found that one can tune the position of the absorption/emission maxima by a judicious choice of the lateral substituents or by using π-extended segments. The largest absorption and emission wavelengths as well as the largest Stokes shifts are obtained for BOPHYs containing strong electron-donor dimethylaminophenyl groups attached to the α-positions of the pyrrole units through vinyl linkers, making these chromophores promising candidates for bioluminescence applications.
INTRODUCTION
During the past decades, technological advances in the field of bioimaging have allowed monitoring several intracellular processes that were previously invisible to human eyes [1] [2] [3] . In this framework, the search for novel molecules exhibiting appropriate optical signatures for fluorescent probe applications, i.e., high fluorescent quantum yield, photo and chemical stability, biocompatibility with the medium, and large Stokes shift, has been particularly intense [4] [5] [6] [7] . The strong UV-absorption and high fluorescence quantum-yield of BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indocene) dyes have prompted several research groups to synthesize structurally similar compounds that may present enhanced luminescent properties 8, 9 . Among these new fluorophores, bis(difluoroboron)-1,2-bis((pyrrol-2-yl)methylene)hydrazine (BOPHY, see Scheme 1) derivatives, that contain two borondifluoride units bridged by a coupled pair of Schiff bases, arise as promising candidates as they exhibit large extinction coefficients 10 , emission quantum yields close to unity 10 and deep-red fluorescence emission [11] [12] [13] . Since their discovery, several structural modifications of BOPHYs have been conducted in order to boost their emissive properties, including the incorporation of halogens 14 , perylene 14 , and ferrocene units 15 to the bis(difluoroboron) scaffold. In addition, a (2-hydroxyphenyl)ethylidene-substituted BOPHY probe for Cu 2+ has been recently synthesized by Li and coworkers 16 , which is able of first coordinating the target, and next, through the hydrolysis of the C=N bond, generating a formyl-substituted fluorescent BOPHY.
To the best of our knowledge, there has been only one previous theoretical study concerning BOPHYs 17 . This work concerned the simulation of one-and two-photon absorption bands of bis(BF 2 ) complexes containing naphthyridine derivatives and it revealed the good performance of the State Specific Polarizable Continuum Model (SS-PCM) approach in the 4 estimation of the inhomogeneous broadening of the spectra. This initial study represents a valuable foundation for ab initio calculations of the optical properties involving BOPHY molecules in solution. In the present contribution, we intend to study the optical properties of an extended set of BOPHY derivatives, using a Time-Dependent Density Functional Theory (TD-DFT) protocol combined with a scaled opposite spin-configuration interaction singles with a double correction [SOS-CIS(D)] approach. In the first stage, we focus on the 0-0 energies (E 0-0 ) calculations, given the interest of this parameter that allows physically well-grounded theory/experiment comparisons. E 0-0 can be defined as the difference of the excited-state (ES) and ground-state (GS) energies taken at their respective optimal geometries and corrected for the difference of zero-point vibrational effects between the two states. E 0-0 can be accessed computationally and compared to the experimental absorption and fluorescence crossing point (AFCP, see Computational Details) 18 . Second, we simulate the vibrationally resolved spectra within the harmonic approximation on the basis of vibrational signatures. In this context, we note that vibronic TD-DFT calculations have been previously successfully employed to obtain the band shapes of (aza-) BODIPYs 19 , BODIPY-cyanines 20 and Ladder-type-π-conjugated dyes 21 .
Finally, we rationalize the effect of different lateral groups in the absorption/emission properties of the studied BOPHYs. To this end, we study electronic density difference (EDD) plots and charge transfer (CT) parameters. This work aims at providing some valuable guidelines to experimental teams working on the synthesis of BOPHY structures with improved optical properties.
COMPUTATIONAL DETAILS
All DFT/TD-DFT calculations were carried out with the Gaussian09 software 22 , tightening self-consistent field convergence thresholds (10 -10 a.u.). For all these calculations the M06-2X 23 hybrid exchange-correlation functional has been used. This choice of the exchangecorrelation functional is dictated by our previous works on (aza-) BODIPYs 19 , BODIPYcyanines 20 and Ladder-type-π-conjugated dyes 21 , all boron containing systems. Indeed, while this functional provides blue-shifted transition energies compared to experiment -an error common to all functionals when used in an adiabatic TD-DFT context for cyanine-like derivatives 24 -the obtained structural and vibrational parameters were found accurate. All GS and ES geometry optimizations were followed by vibrational frequency calculations, where the absence of imaginary frequencies demonstrates the stability of the minimum of the structures. Two atomic basis sets, namely, 6-31G(d) for geometry optimizations and frequency calculations, and 6-311+G(2d, p) for electronic transitions have been applied. In order to reproduce the solvation effects, the Polarizable Continuum Model (PCM) is employed, using dichloromethane as solvent as in the experiments. In the PCM model, the solvent is described as a polarizable continuum medium characterized by its dielectric permittivity ߝ and other macroscopic parameters. The interaction with the solute is modeled through a charge distribution on the cavity 25, 26 . The equilibrium limit is considered for geometry optimizations, whereas the non-equilibrium limit is applied for calculations of both absorption and emission energies. In the framework of excitedstate calculations with PCM 27 , there are several approaches to account for the density reorganization, either using the transition matrix in the so-called Linear Response (LR) approach 28, 29 , or the one-particle density matrix using the corrected Linear Response (cLR) 30 or State-Specific (SS) 31 schemes. A combined protocol including TD-DFT and SOS-CIS(D) has 6 been used to reduce the overestimation obtained in the TD-DFT excitation energies. Grimme and coworkers evaluated the performance of CIS(D) for the prediction of 0-0 excitation energies of large organic molecules, and they concluded that it represents a reliable and efficient approach given its size-consistency and relatively low computational cost [32] [33] [34] . However, it is clear that the range of CIS(D) application is limited by some requirements including a good description of the ground-and excited-states by the HF determinant and the CIS reference function, respectively 35, 36 . In addition, it was reported that CIS(D) sometimes yields significant blue shifts of more than several tenths of an eV, due to near-degeneracy effects 37 . Moreover, the CIS(D) method and its variations are in practice much less efficient than TD-DFT for determining ES vibrational structures and geometries, and for this reason the CIS(D) calculations are often coupled to a TD-DFT protocol 19 in which the former is used to determine transition energies and the latter the structural parameters. The SOS-CIS(D) variation used herein involves a single scaling parameter that influences the opposite-spin direct term of CIS(D) starting from the oneparameter scaled opposite spin MP2 ground-state 38 . This method has been shown to yield very satisfying results for several classes of dyes 19, 20, 21, [39] [40] [41] . The SOS-CIS(D) calculations have been computed with the Q-Chem package 42 with the 6-311+G (2d,p) basis set and by applying the resolution of the identity scheme, with a triple-ζ auxiliary basis set. Both CIS(D) and SOS-CIS(D) partially account for the impact double excitations that are known to be important in boron difluoride dyes 24 . The AFCP energies were calculated with a recently designed protocol [43] [44] [45] , that is briefly summarized below.
In the gas phase, a (idealized) vertical absorption ‫ܧ(‬ ୴ୣ୰୲ିୟୠୱ ) can simply be defined as the difference between the ES and GS energies ‫ܧ(‬ ୗ and ‫ܧ‬ ୋୗ , respectively) at the optimal groundstate geometry (ܴ ୋୗ ), 
whereas the vertical fluorescence ‫ܧ(‬ ୴ୣ୰୲ି୪୳୭ ) can be calculated in a similar manner, but considering the excited-state geometry.
The adiabatic energy ‫ܧ(‬ ୟୢ୧ୟ ) is the difference of total electronic energies computed for the ES and GS in their corresponding optimal geometries:
It can be calculated alternatively by combining vertical transition energies with the geometrical reorganization energies ‫ܧ(‬ ୰ୣ୭୰ ), that measure the energy difference determined for a given single electronic state when considering the optimal GS and ES geometries:
In this latter equation the first term is dominant and we can make the following approximation:
At the right-hand side of this last equation, we can observe the average between the vertical absorption and emission. Next, we determine the difference of zero-point vibrational energy ‫ܧ(‬ ) between the ES and GS,
to reach the 0-0 energy ‫ܧ(‬ ି ) we add ‫ܧ‬ ୟୢ୧ୟ and Δ‫ܧ‬ , 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ‫ܧ‬ ି = ‫ܧ‬ ୟୢ୧ୟ + Δ‫ܧ‬ (7) ‫ܧ‬ ି can be compared to the experimentally measured absorption-fluorescence crossing point (AFCP), and it therefore offers a solid basis for theory-experiment comparisons. For a representative system, the vibrationally resolved spectrum within the harmonic approximation was computed by using the FCclasses program on the basis of TD-DFT vibrational signatures [46] [47] [48] [49] . The reported spectrum was simulated by using a convoluting Gaussian function presenting a half width at half-maximum (HWHM) that was adjusted to allow direct comparison with the experimental spectrum (HWHM was set to 0.085 eV and 0.055 eV for absorption and fluorescence, respectively). A maximal number of 25 overtones for each mode and 20 combination bands for each pair of modes were included in the calculation. The maximum number of integrals to be computed for each class was set to 10 6 , which provided optimal spectra.
To visualize the electronic density redistribution and the possible intramolecular charge transfer we represented the difference between the total densities of the excited-and groundstates (EDD) as provided by TD-DFT,
All EDD maps and HOMO-LUMO isosurfaces have been plotted with the Chemcraft code 50 , considering a contour threshold of 0.001 a.u. for the former and 0.03 a.u. for the latter.
Additionally, the amount of CT (q CT in |e|), CT distance (d CT in Å), and CT dipole (µ CT in Debye) have been calculated according to the methodology proposed by Le Bahers and coworkers 51, 52 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
RESULTS AND DISCUSSION

Statistical Analysis
In previous works dealing with the modeling of spectroscopic properties of BODIPY derivatives, the PCM-TD-DFT protocol enabled to obtain theoretical results in good qualitative agreement with experimental data, but generally too large on the absolute energy scale [18] [19] [20] [21] . Here, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Next, we carried out the same study by TD-DFT methodologies incorporating the solvent effects via the state specific (SS-TD Figure 2 , one clearly sees that TD-DFT overestimates the experimental AFCP energies, irrespective of the selected solvent models, which was, as stated above, expected from previous simulations of fluoroborates 19, 21 . SS-SOS-CIS(D) also slightly overshoots the experimental data, whereas we found a significant underestimation with LR-SOS-CIS(D). Overall, the most accurate approach is cLR-SOS-CIS(D) that delivers only a trifling average underestimation compared to the experimental results. It is also interesting to note that to obtain both accurate absolute values and high correlation, one needs the inclusion of both solvent effects and the impact of "double excitation" in the calculation, highlighting the challenge of theoretically modeling BOPHY with high accuracy.
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Analysis of the band topology
Globally, the shapes of the absorption and emission bands of BOPHYs are rather independent of their substitution patterns, suggesting that vibronic couplings can be attributed to the BOPHY core rather than the auxochromes. Consequently, we investigated the vibronic couplings of molecule 1 as a representative example, by applying the FC approximation, and the spectra are presented in Figure 3 . Additionally, we have analyzed the transitions playing a key role in the band shapes. For the absorption spectrum, one mode is highly relevant: an excited-state vibration at 1533 cm -1 , that is responsible for both, the second maximum (one quantum) and the significant broadening at higher energies (two quanta). This mode is mainly related to the intense stretching of the central N-N bond. This explains why the typical band shape of BODIPY is not recovered in BOPHY:
the new N-N linkage plays a key role in the vibronic couplings, and hence, in the band shape.
For the emission, the marked shoulder is principally due to a ground-state vibration at 1397 cm -1 (see Supporting Information). This mode involves the central N-N bond as well, but also includes a marked wagging of the hydrogen atoms. The different natures of the coupling modes 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 for absorption and emission are consistent with the unsymmetrical band topologies measured experimentally.
Structure-Property Relationships
The BOPHY framework is characterized by two fused BF 2 Table 3 ). It seems that this dihedral angle remains unaltered despite the addition of different substituents, in contrast with the BODIPY fluorophores in which the incorporation of lateral substituents usually favors structural planarity 53 . In all cases, the central dihedral angle is reduced in the excited-state, denoting a greater π-conjugation in S 1 (see Table   3 ). Additionally, a reduction of the central N-N bond distance occurs compared to the groundstate, whereas the B-N distances do not present significant variations.
The HOMO-LUMO plots in Figure 4 for six representative BOPHY systems reveal that the HOMO is mainly spread over the nitrogen atoms and peripheral rings, with the exception of compounds 5 and 7 in which dimethylaminophenyl and methoxyphenyl groups connected through vinyl linkers also participate significantly. In contrast, the LUMO is distributed over the pyrrole units and the meso-carbon atoms, i.e., those adjacent to the central N-N bond. Recently, Nemykin and coworkers attempted to introduce a cyano substituent to this meso-position, but the dramatic reduction of the nitrogen atom basicity resulted in a partial extrusion of the BOPHY core 54 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13
The incorporation of methyl groups in the α-and β-positions of the pyrrole units (Scheme recall that incorporating tert-butyl substituents advantageously limits π-π aggregation in solidstate, which allows to avoid the so-called solid-state emission quenching 55, 56 .
The electron-donor character of the methoxyphenyl group is capable to generate redshifts in aza-boron-dipyrromethene dyes, when this group is incorporated into α-positions 57 .
Analogously, in BOPHY dyes the influence of one methoxyphenyl attached to the pyrrole unit 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In 3-dimethylaminophenyl-8-CF 3 -BODIPY, the addition of the strong electron-donor amino groups to the pyrrole units triggers an intramolecular charge transfer leading to bathochromic red-shifts greater than +100 nm for both absorption (-0.230 eV) and emission maxima (-0.209 eV) 58 Table 4 ). In addition, the greatest q CT values of our set of dyes are obtained with these unsymmetrical chromophores (0.60 |e| for both 5 and 6). The EDD plots also reveal the strong variation experienced by the electronic densities of the donor lateral arms, demonstrating the efficient π-conjugation achieved by the vinyl linkers. In contrast, the presence of two methoxyphenyl groups in the α-positions (7) decreases the dipole CT character of the molecule, resulting in a smaller emission maximum (611 nm). While the µ CT is not significant for the symmetric dye 7, we notice that its q CT (0.516 |e|) is significantly smaller than those corresponding to 5 and 6. Another advantageous feature exhibited by 5 and 6 is their large Stokes shift of 2961 cm -1 and 3028 cm -1 , respectively, probably preventing re-absorption of emitted photons that might lead to undesired background interferences 59 . At this point we can state that the very large absorption and emission maxima found for 5 and 6 chromophores, near 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the so-called first biological window 60 and their large Stokes shifts, make them an interesting starting point for the design of novel bioluminescence agents.
Increasing π-electron conjugation of similar emissive organic chromophores normally results in enhanced fluorescent emission, as well as redshifts in excitation and emission wavelengths [61] [62] [63] [64] . This strategy is applied in system 4, a naphthyridin derivative 65 where the πconjugation is extended by fusing the pyrrole units with other aromatic rings. We found that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
CONCLUDING REMARKS
We have investigated a large number of BOPHY dyes that present exciting phophysical signatures for applications in several fields. The 0-0 energies trend for the studied BOPHY A fine tuning of the spectroscopic properties of the BOPHY dyes can be achieved by structural modifications involving the incorporation of different substituents to the pyrrole units.
Remarkably, the incorporation of one dimethylaminophenyl group via a vinyl linker in the αposition gives rise to two BOPHYs with particularly high absorption and emission maxima (5 and 6). We have rationalized these effects as resulting from a pronounced donor-acceptor behavior absent in the parent structures. These high absorption/emission maxima, along as the large Stokes shifts found for both systems, make them promising candidates for bioluminescence applications. It is therefore our hope that this work will stimulate the modeling of new BOPHY derivatives for biological applications. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 FIGURES Scheme 1. Typical Structure of a BOPHY dye.
Scheme 2.
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